Weld Metallurgy and Mechanical Properties of High Manganese Ultra-high Strength Steel Dissimilar Welds  by Dahmen, Martin et al.
  Physics Procedia  83 ( 2016 )  344 – 351 
Available online at www.sciencedirect.com
1875-3892 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2016.08.036 
ScienceDirect
WK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1(
:HOGPHWDOOXUJ\DQGPHFKDQLFDOSURSHUWLHVRIKLJKPDQJDQHVH
XOWUDKLJKVWUHQJWKVWHHOGLVVLPLODUZHOGV
0DUWLQ'DKPHQD6WHIDQ/LQGQHUE'DPLHQ0RQIRUWF'LUN3HWULQJD
aFraunhofer-Institut for Laser Technology, Steinbachstrasse 15, 52074 Aachen, Germany 
bOutokumpu Nirosta GmbH, 47807 Krefeld, Germany 
cPolytech Nantes, 44306 Nantes Cedex 3, France 
$EVWUDFW
7KHLQFUHDVLQJGHPDQGIRUXOWUDKLJKVWUHQJWKVWHHOVLQYHKLFOHPDQXIDFWXULQJOHDGVWRWKHDSSOLFDWLRQRIQHZDOOR\V7KLVSRVHVD
FKDOOHQJH RQ MRLQLQJ HVSHFLDOO\ E\ IXVLRQ ZHOGLQJ $ VWDLQOHVV KLJK PDQJDQHVH VWHHO VKHHW ZLWK H[FHOOHQW VWUHQJWK DQG
GHIRUPDWLRQSURSHUWLHVVWDQGV LQ WKHFHQWUHRI WKHGHYHORSPHQW6LPLODUDQGGLVVLPLODUZHOGVZLWKDPHWDVWDEOHDXVWHQLWLFVWHHO
DQGDKRWIRUPHGPDUWHQVLWLFVWDLQOHVVVWHHOZHUHSHUIRUPHG$QLQYHVWLJDWLRQRIWKHPL[LQJHIIHFWVRQWKHORFDOPLFURVWUXFWXUH
DQGWKHKDUGQHVVGHOLYHUVWKHPHWDOOXUJLFDOIHDWXUHVRIWKHZHOGV'HVSLWHRIFDUERQFRQWHQWVDERYHZWQRQHRIWKHZHOGV
KDYHVKRZQFUDFNV0HFKDQLFDOSURSHUWLHVGUDZQIURPWHQVLOHWHVWVGHOLYHUKLJKEUHDNLQJIRUFHVHQDEOLQJDKLJKVWLIIQHVVRIWKH
MRLQWV7KHUHVXOWVVKRZWKHSRWHQWLDOIRUWKHDSSOLFDWLRQRIODVHUEHDPZHOGLQJIRUMRLQLQJLQDVVHPEO\RIVWUXFWXUDOSDUWV
&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:8OWUDKLJKVWUHQJWKVWHHOVODVHUEHDPZHOGLQJKLJKPDQJDQHVH7:,3VWHHOVPDUWHQVLWLFVWDLQOHVVVWHHOV
,QWURGXFWLRQ
1HZXOWUDKLJKVWUHQJWKVWHHOVSURYLGHQHZOLJKWZHLJKWRSSRUWXQLWLHVDQGLPSURYHFUDVKSURSHUWLHVLQIXWXUHFDU
ERGLHV%\UHGXFLQJWKHGHDGZHLJKWSD\ORDGFDQEHLQFUHDVHGLQYHKLFOHFRQVWUXFWLRQIRUVWUHHWDQGUDLOV8OWUDKLJK
VWUHQJWK VWHHOV ZLWK H[FHOOHQW GHIRUPDWLRQ SURSHUWLHV DQG LQWULQVLF FRUURVLRQ UHVLVWDQFH DUH QRZ FRPPHUFLDOO\
DYDLODEOH,QRUGHUWRXWLOL]HWKHPGLIIHUHQWMRLQLQJPHWKRGVFDQEHDSSOLHG$VPHFKDQLFDOMRLQLQJPHWKRGVVXFKDV
IULFWLRQ VWLU ZHOGLQJ RU VHOISLHUFLQJ ULYHWLQJ DUH QRW DSSOLFDEOH GXH WR WKH KLJK VWUHQJWK RI WKH PDWHULDOV IXVLRQ


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:PDUWLQGDKPHQ#LOWIUDXQKRIHUGH
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
 Martin Dahmen et al. /  Physics Procedia  83 ( 2016 )  344 – 351 345
ZHOGLQJVKRXOGEHDSSOLHGZLWKDVWURQJOLPLWDWLRQRIWKHHQHUJ\LQSXW,QWKHFXUUHQWFRQWULEXWLRQWKHHIIHFWVRIODVHU
EHDPZHOGLQJVKDOOEHLQYHVWLJDWHG8QGHUVWDQGLQJWKHMRLQLQJSURFHVVDVZHOODVWKHUHVSRQVHRIWKHEDVHPDWHULDOV
RQKHDWLQSXWLVLQRUGHUWRFUHDWHGHVLJQVH[SORLWLQJWKHIXOOSRWHQWLDODQGIXOILOOWKHH[WHQVLYHUHTXLUHPHQWV
6WDWHRIWKHDUW
7KH VLPLODU ODVHUZHOGHG7:,3 7:LQQLQJ ,QGXFHG 3ODVWLFLW\ VWHHOV MRLQWV H[KLELW D GHQGULWLFPLFURVWUXFWXUH
0DFURJUDSKVUHSRUWDIXOO\DXVWHQLWLFVWUXFWXUHZLWKJUDLQFRDUVHQLQJLQERWKIXVHG]RQH)=DQGKHDWDIIHFWHG]RQH
+$=ZKHUHWKHODWWHULVDERXWPZLGHVHHWKHVWXGLHVRI'DKPHQ'DDPHQDQG+LUWDQG%HKPHWDO
$IHZSXEOLFDWLRQVGHDOLQJZLWKWKHODVHUZHOGLQJRI7:,3VWHHOVWRRWKHUJUDGHVDUHFXUUHQWO\DYDLODEOH7KH
PDLQLVVXHLQWKHVHGLVVLPLODUZHOGVLVWKHDSSHDUDQFHRIFKHPLFDODQGRUSKDVHLQKRPRJHQHLWLHVLQWKH)=VLQFHWKH
PXOWLVWDJHVWUDLQKDUGHQLQJRI7:,3VWHHOVVWURQJO\GHSHQGVRQWKHFRPSRVLWLRQ0XMLFDHWDO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LQDVUROOHGDVZHOODVLQSUHVVKDUGHQHGFRQGLWLRQ
DQGWKHPHFKDQLFDOSURSHUWLHVRIZHOGHGMRLQWVKDYHEHHQUHSRUWHGE\-DQ]HQHWDO)DWLJXHWHVWUHVXOWVZHUH
GLVSOD\HGIRUWKHFDVHRIKRWVWDPSHGWDLORUHGEODQNV7KHIDWLJXHVWUHQJWKRIWKHZHOGHGVSHFLPHQGHWHUPLQHGE\
:|KOHU WHVWVDPRXQWV WRDERXWDWÂF\FOHVFRPSDUHGZLWK WKH IDWLJXHVWUHQJWKRI WKHEDVHPDWHULDO7KH
UHVXOWV LQGLFDWH D IDWLJXH FODVV RI VOLJKWO\ DERYH )$7 4XDVLVWDWLF DQG G\QDPLF WHVWV DFFRUGLQJ WR WKH.6
PHWKRG UHIOHFW WKH EHKDYLRXU RI ZHOGV LQ KDUGHQHG PDWHULDO IRU DVVHPEO\ /RDG FDSDFLW\ DQG GHIRUPDWLRQ DUH
FRPSDUDEOHWRWKRVHRIPDQJDQHVHERURQVWHHOV7KHVFDWWHULQJRIWKHPHDVXUHPHQWVUDQJHVXSWR,QDOOFDVHVWKH
MRLQWVIDLOXUHPRGHLVDEULWWOHIUDFWXUHLQWKHZHOG]RQH,QDVUROOHGDQGLQSUHVVKDUGHQHGFRQGLWLRQKLJKKDUGHQHVV
DWWKHIXVLRQOLQHFDXVHGE\EFWPDUWHQVLWHUHTXLUHVDWHPSHULQJWUHDWPHQW)RUKRWVWDPSLQJWKLVVWHSFDQEH$IWHU
KRW VWDPSLQJ WKH KHDWDIIHFWHG ]RQH LV WUDQVIRUPHG FRPSOHWHO\ (YHQ WKH VHJUHJDWLRQ OLQHV DUH UHVWRUHG$ VOLJKW
GHFUHDVHRIKDUGQHVVLQWKHIRUPHUKLJKWHPSHUDWXUHKHDWDIIHFWHG]RQHDQGLQWKHIXVLRQ]RQHLQGLFDWHVWKHSUHVHQFH
RIDZHOG7KHZHOG]RQHVKRZVDQLQFUHDVHGFRQWHQWRIUHWDLQHGDXVWHQLWHDQGFRQVHTXHQWO\DGHFUHDVHLQKDUGQHVV
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ZKHUHQLFNHOLVUHSODFHGE\PDQJDQHVH7KHVWHHO
LV IXOO\ DXVWHQLWLF DQG H[KLELWV VWURQJ ZRUN KDUGHQLQJ E\ WKH 7:,3 HIIHFW *UDHVVHO  7KH RULJLQDO \LHOG
VWUHQJWKRI03DFDQEHLQFUHDVHGWRXSWR03DE\FROGIRUPLQJ0DWHULDODWORZDQGPLGGOHVWUHQJWKOHYHO
VKRZ DQ H[FHOOHQWZHOGLQJ VXLWDELOLW\ZKHUHDVZHOGLQJ EHFRPHV GLIILFXOW DW D VWUHQJWK DERYH DSSUR[LPDWHO\ 
03D /LQGQHU 7KH ZRUN KDUGHQLQJ LV ORVW LQ WKH IXVHG ]RQH EXW FDQ EH UHJDLQHG XSRQ GHIRUPDWLRQ
/LQGQHU*HUKDUGV'DKPHQ
([SHULPHQWV FRQGXFWHG E\%HKP HW DO  KDYH GHPRQVWUDWHG WKH IRUPDWLRQ RI DPDUWHQVLWLF SKDVH LQ WKH
GLVVLPLODUZHOGVRI7:,3+6' WR IHUULWLF60&'HSHQGLQJRQ WKHPL[LQJ UDWLRRI+6' LQWR60&
PRUHRU OHVVPDUWHQVLWH DSSHDUHG7KLV VKDOO EH H[SODLQHGE\ WKH VKLIWRI DXVWHQLWLF IRUPHU FRQFHQWUDWLRQ LQWR WKH
ZHOG SRRO ,Q WKLV VWXG\ WKHPRVW HIILFLHQWPLFURVWUXFWXUH WR EH REWDLQHGZLWK RYHUODSZHOGV RIIHULQJPD[LPXP
VKHDU IRUFHV ZDV WKDW ZLWK WKH ODUJHVW DXVWHQLWH IUDFWLRQ LQ WKH MRLQLQJ SODQH 7KLV LV DFKLHYHG WKURXJK IXOO
SHQHWUDWLRQ ZHOG ZHOGLQJ IURP 7:,3 WR 60& VKHHW ZLWK D VSHHG RI  PPLQ ,W ZDV HPSKDVL]HG WKDW
PHFKDQLFDOVKHDUVWUHQJWKRIWKHGLVVLPLODUZHOGVZDVQRWEHWWHUWKDQWKDWRIWKHZHDNHVWDOOR\
)XUWKHU VWXGLHV RQ GLVVLPLODU EXWW MRLQWV 7:,3 )H0Q& WR D 75,3 E\0XMLFD HW DO  UHSRUWHG
LPSRUWDQWVHJUHJDWLRQRIPDQJDQHVHLQWKH)=DQGVXEVHTXHQWPDUWHQVLWHIRUPDWLRQ0DQJDQHVHVHJUHJDWLRQVLQWKH
IRUPRI&0QSUHFLSLWDWHVKDYHDOVREHHQUHSRUWHGDORQJWKHGHQGULWHERXQGDULHVLQD7:,375,3EXWWMRLQWFORVHWR
WKH 7:,3 VLGH 5RVVLQL HW DO  8QGHU WHQVLOH ORDG WKH ODWWHU EXWW MRLQW IUDFWXUHG LQ WKH IXVLRQ ]RQH 7KH
UHVXOWLQJGLVVLPLODUMRLQWVH[KLELWHGSRRUPHFKDQLFDOVWUHQJWK
([SHULPHQWDO
7KHDXVWHQLWLF7:,3VWHHO LVDQHZZLWKDPDQJDQHVHFRQWHQWRIZHLJKWSHUFHQWFROGZRUNHG WRD
\LHOGVWUHQJWKRI*3D3DUWQHUPDWHULDOVXQGHU LQYHVWLJDWLRQFRPSULVHDPHWDVWDEOHDXVWHQLWLFVWHHO
DQGDPDUWHQVLWLFVWDLQOHVVVWHHOLQSUHVVKDUGHQHGFRQGLWLRQ7DEOHVKRZVWKHFKHPLFDOFRPSRVLWLRQ
RIWKHWKUHHPDWHULDOV$OOYDOXHVUHIHUWRODGOHDQDO\VHVWDNHQGXULQJSURGXFWLRQRIWKHVKHHWPHWDO6KHHWWKLFNQHVV
LV PP LQ WKH FDVH RI WKHPDQJDQHVH VWHHO  DQG PP IRU WKH FKURPLXPQLFNHO  DQG WKH FKURPLXP VWHHO
UHVSHFWLYHO\
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'XULQJSURGXFWLRQWKHPDWHULDOVKDYHXQGHUJRQHGLIIHUHQWWUHDWPHQWV7KHKLJKPDQJDQHVHVWHHOZDVFROGUROOHG
IURP LWV LQLWLDO VWDWH DW D \LHOG VWUHQJWK RI  03D 7KH PLFURVWUXFWXUH LV IXOO\ DXVWHQLWLF &ROG UROOLQJ ZLWK
VXEVHTXHQW DQQHDOLQJ ZDV DSSOLHG DW WKH DXVWHQLWLF VWDLQOHVV VWHHO  %DVH IRU WKH PDUWHQVLWLF VWHHO LV D
PDUWHQVLWLFIHUULWLF VWDLQOHVV VWHHO SURGXFHG E\ FROG UROOLQJ DQG DQQHDOLQJ ,WV PLFURVWUXFWXUH FRQVLVWV RI 
DXVWHQLWH DQG  IHUULWH )RU SUHVV KDUGHQLQJ VKHHWV ZHUH DXVWHQLWLVHG DW  & TXHQFKHG LQ D PRXOG DQG
WHPSHUHG DW  & IRU  PLQXWHV 7KH UHVXOWLQJ PLFURVWUXFWXUH FRQVLVWV RI PDUWHQVLWH DQG DSSUR[LPDWHO\ 
DXVWHQLWH7DEOHJLYHVWKHVWDQGDUGYDOXHVIRUWKHPHFKDQLFDOSURSHUWLHV
7DEOH&KHPLFDOFRPSRVLWLRQVRIWKHVWHHOVLQZHLJKWSHUFHQW
0DWHULDO & 0Q 6L 6 3 &U
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$OOZHOGVZHUHSURGXFHGDWEXWWMRLQWV,QRUGHUWROLPLWWKHWKHUPDOORDGRQWKHPDWHULDOVDXWRJHQRXVODVHUEHDP
ZHOGLQJZDVDSSOLHGIRUMRLQLQJ$OOZHOGLQJZDVFRQGXFWHGDWURRPWHPSHUDWXUHZLWKFRROLQJDWVWLOODLU,QRUGHUWR
VHFXUHEHVWDFKLHYDEOHZHOGLQWHJULW\DVEHDPVRXUFHD&2ODVHUZDVXVHG7KHEHDPZDVIRFXVHGE\DPLUURURI
PPIRFDO OHQJWKRQWRD IRFDO VSRWRIPGLDPHWHU3RZHUZDV VHW WRN:DW D IHHG UDWHRIPPLQ
UHVXOWLQJLQDQLQSXWHQHUJ\RIN-P$VDVVLVWJDVKHOLXPDWDIORZRIOPLQZDVDSSOLHG$QDUJRQIORZRI
OPLQZDVXVHGIRUURRWVKLHOGLQJ6SHFLPHQVZHUHSUHSDUHGE\ODVHUEHDPIXVLRQFXWWLQJRIVWULSVRIî
PP1RSRVWSURFHVVLQJRIWKHHGJHVZDVDSSOLHG
7DEOH0HFKDQLFDOSURSHUWLHV
0DWHULDO 5P 5S $ +%
    
  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
,QVSHFWLRQ ZDV VWDUWHG ZLWK D YLVXDO LQVSHFWLRQ RI WKH ZHOGV ZLWK WKH DLG RI D VWHUHR PLFURVFRSH $OO ZHOGV
ZLWKRXW VXUIDFH IDLOXUHV SDVVHG WKH H[DPLQDWLRQ 0HWDOORJUDSK\ ZDV FDUULHG RXW RQ PDFUR DQG PLFUR VHFWLRQV
$GOHU¶VUHDJHQWZDVXVHGWRUHYHDOWKHVWUXFWXUHVLQWKHVLPLODUZHOGVDQGLQWKHFRPELQDWLRQZLWK$Q
HWFKLQJVHTXHQFHIHDWXULQJVZDEELQJZLWK$GOHUZDWHUFOHDQLQJDQGGU\LQJIROORZHGE\DVOLJKWHOHFWURO\WLFHWFKLQJ
R[DOLFDFLG9VZDVDSSOLHGRQWKHFRPELQDWLRQ
  
D6LPLODUMRLQW E'LVVLPLODUMRLQW F'LVVLPLODUMRLQW
)LJ0DFURVHFWLRQVRIWKHZHOGHGMRLQWV
+DUGQHVVDVVHVVPHQWZDVFDUULHGRXWXVLQJ WKHPHWKRGDIWHU9LFNHUV$SURRI ORDGRI1ZDVDSSOLHG IRU
VHFRQGV7KLVJLYHVZHOO UHVROYHG LQGLFDWLRQRI WKHKDUGQHVVGLVWULEXWLRQZLWKRXWEHLQJGLVWXUEHGE\KDUGSKDVHV
7HQVLOHWHVWVZHUHFDUULHGRXWDWUHFWDQJXODUVSHFLPHQVRQVTXDUHEXWWMRLQWVLQWUDQVYHUVHGLUHFWLRQ)RUFHHORQJDWLRQ
FXUYHVZHUHUHJLVWHUHG7KHWHVWVZHUHFRQGXFWHGORDGFRQWUROOHGDWDGHIRUPDWLRQUDWHRIPPPLQ
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,QRUGHUWRDWWDLQLQIRUPDWLRQRQWKHHIIHFWVRIPL[LQJWRWKHORFDOFRPSRVLWLRQRIWKHIXVHG]RQHPHDVXUHPHQWV
E\HQHUJ\GLVSHUVLYH;UD\VSHFWURVFRS\ZHUHXQGHUWDNHQ$VWUDFHUHOHPHQWVLURQPDQJDQHVHFKURPLXPQLFNHO
DQGVLOLFRQZHUHGHILQHG7KHFDUERQFRQWHQWZDVHVWLPDWHGLQGLUHFWO\%DVHGRQDPRGLILHG6FKDHIIOHUGLDJUDPWKH
ORFDOPLFURVWUXFWXUHZDVK\SRWKHWLFDOO\SUHGLFWHGDQGWHVWHGE\PHWDOORJUDSKLFLQYHVWLJDWLRQ
5HVXOWV
'XULQJYLVXDOLQVSHFWLRQGLUHFWO\DIWHUZHOGLQJQRIDLOXUHVZHUHREVHUYHG$OVRGHOD\HGFUDFNLQJGLGQRWRFFXU,Q
ILJXUHW\SLFDOPDFURVHFWLRQVRIDOOWKUHHZHOGVDUHVKRZQ$OOVHDPVKDYHDVOLJKWGXPEEHOOVKDSHDVFRPPRQIRU
&2 ODVHU ZHOGV LQ WKLQ VKHHW :LWK LQFUHDVLQJ GLIIHUHQFH LQ VKHHW WKLFNQHVV WKH DV\PPHWU\ EHFRPHV PRUH
SURQRXQFHGDQGWKHZHOGOLQHEHFRPHVVOLJKWO\FXUYHG
)LJXUH VKRZV WZRPLFUR VHFWLRQVRI WKH VLPLODUZHOG LQ7KHKHDWDIIHFWHG ]RQH LQ ILJXUH D LV YHU\
VPDOO GXH WR WKH ORZ WKHUPDO FRQGXFWLYLW\ RI WKH 7:,3 VWHHO /DQ  2YHU DZLGWK RI  P VOLJKW JUDLQ
UHILQHPHQW FDQ EH REVHUYHG$SSURDFKLQJ WKH XQDIIHFWHG EDVHPDWHULO DQ DSSUR[LPDWHO\ PZLGH ]RQHZLWK
JUDLQVL]HHTXDOWRWKHEDVHPDWHULDOEXWZLWKWKHFROGZRUNLQJWH[WXUHUHVROYHGIROORZVILJXUHDIURPULJKWWROHIW
7KHIXVHG]RQHLVFKDUDFWHULVHGE\DGHQGULWLFPLFURVWUXFWXUHILJE%\WKHHWFKLQJSDWWHUQDVOLJKWVHJUHJDWLRQRI
PDQJDQHVHDWWKHGHQGULWHERXQGDULHVFDQEHFRQFOXGHG

D+HDWDIIHFWHG]RQHDQGIXVLRQOLQH
VFDOHP
E:HOGFHQWUHOLQHVFDOHP
)LJ3KRWRJUDSKLFLPDJHVRIWKHZHOGPLFURVWUXFWXUHVLQWKHVLPLODUMRLQW
0L[LQJ IHDWXUHV EHFRPH REYLRXV LQ WKH ZHOG RI WKH FRPELQDWLRQ  DQG  $ SKRWRJUDSK RI WKH
PLFURVWUXFWXUH DW WKH ZHOG FHQWUH OLQH LV VKRZQ LQ ILJXUH D 'XH WR WKH LQFUHDVHG FDUERQ FRQWHQW LQ WKHPL[HG
PDWHULDO WKH VROLGLILFDWLRQ DSSHDUV WR EH FROXPQDUZLWK GHQGULWLF VXEVWUXFWXUH ,Q ILJXUH  E DQG F GHWDLOV RI WKH
PLFURVWUXFWXUH DW WKH IXVLRQ OLQH RI WKH  DUH GHSLFWHG 7KHPLFURVWUXFWXUH RI WKH IXVHG ]RQH DSSHDUV IXOO\
DXVWHQLWLF 7KH VROLGLILFDWLRQ RFFXUV DV FROXPQDU ZLWK GHQGULWLF VXEVWUXFWXUH &RPSDUHG WR WKH VLPLODU MRLQW WKH
PLFURVWUXFWXUH KDV OHVV SUHIHUHQWLDO RULHQWDWLRQ DQG WKH GHQGULWH VSDFLQJ LV VPDOOHU $W WKH IXVLRQ OLQH RI WKH
ILJ E WKH HTXLD[LDOO\ VROLGLILHG XQPL[HG ]RQH LV YLVLEOH $GMDFHQW LQ WKH IXVHG PDWHULDO VLQJOH DOOR\
FDUELGHVVHJUHJDWHGDWWKHERXQGDULHVRIWKHILUVWOD\HURIFROXPQDUFU\VWDOOLWHVILJF
)LJXUH VKRZVDGHWDLORI WKHPLFURVWUXFWXUHDW WKHZHOGFHQWUH OLQH LQDGLVVLPLODUZHOGEHWZHHQDQG
%HVLGHVFROXPQDUJUDLQVZLWKGHQGULWLFVXEVWUXFWXUHWKHUHGHYHORSHTXLD[HGJUDLQVGLUHFWO\VLWXDWHGDWWKH
FHQWUH ,Q VRPHJUDLQV D ODWK VWUXFWXUH LVYLVLEOH LQGLFDWLQJPDUWHQVLWH ,Q ILJXUHEDPLFURJUDSKRIKHDWDIIHFWHG
]RQHLVVKRZQ2QWKHQRWIXVHGVLGHRIWKHIXVLRQOLQHDEULJKWOD\HURIDZLGWKRIPLVREVHUYHG$VWKHWKHUPDO
F\FOH LV FKDUDFWHULVHG E\ KLJK WHPSHUDWXUH DERYH $ DQG FRROLQJ UDWH WKLV OD\HU LV FRQVLGHUHG WR FRQVLVW RI
XQWHPSHUHGPDUWHQVLWH)LJXUHFVKRZVDGHWDLOZLWKDYLVLEOHSDUWLDOPROWHQXQPL[HGDQGWUDQVIRUPHG]RQH7KLV
PDUWHQVLWLFDUHDLVIROORZHGE\DUHJLRQZLWKSDUWLDOO\KDUGHQHGPDWHULDORYHUDZLGWKRIPDWWKHFHQWHUDQG
PPDW URRWDQGXSSHUEHDG%HWZHHQ WKLV]RQHDQG WKHEDVHPDWHULDODQDUHDZLWK ODUJHUJUDLQV LQGLFDWLQJDQ
LQFUHDVHGFRQWHQWRIDXVWHQLWHFDQEHVHHQLQWKHFURVVVHFWLRQDVGDUNHUDUHD+HUHDWHPSHULQJRIWKHKDUGHQHGEDVH
PDWHULDORFFXUV
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$VUHVXOWVRIWKHKDUGQHVVPHDVXUHPHQWVWKHGLVWULEXWLRQRILQGHQWDWLRQKDUGQHVVLVGLVSOD\HGLQILJXUH,QFDVH
RIDVLPLODUZHOGDGHFUHDVHIURPDYHUDJH+9WRDSSUR[LPDWHO\+9EHFRPHVREYLRXV7KLVUHSUHVHQWV
WKH KDUGQHVV RI WKH VROXWLRQ DQQHDOHGPDWHULDO 7KH WUDQVLWLRQ LV VPRRWK QR H[WUHPDO YDOXHV DUHPHDVXUHG 7KLV
LQGLFDWHVWKHORVVRIKDUGQHVVDQGKHQFHVWUHQJWKE\VWUHVVUHOLHYLQJWKURXJKWKHZHOGLQJKHDW7KHWRWDOZLGWKRI
WKHKHDWDIIHFWHG]RQHLVLQGLFDWHGWRDERXWPP7KHKDUGQHVVGLVWULEXWLRQRIWKHZHOGWRVKRZVD
VWUDLJKW WUDQVLWLRQIURPDSSUR[LPDWHO\ WR+9EHWZHHQ WKHPDWHULDOV ,Q WKHFRPELQDWLRQZLWK WKHSUHVV
KDUGHQHG PDUWHQVLWLF VWDLQOHVV VWHHO D PRUH FRPSOH[ SDWWHUQ HYROYHV +DUGQHVV GHFUHDVHV IURP  +9 WR DQ
DYHUDJHYDOXHEHWZHHQDQG+97KLVVFDWWHULQJLVDVVXPHGWREHDQHIIHFWRIPL[LQJRIWKHPDWHULDOV2Q
DSSURDFKLQJ WKH IXVLRQ OLQHKDUGQHVVYDOXHV LQFUHDVH WRDERXW+9 IROORZHGE\DGHFUHDVH WR OHVV WKDQ
+9LQWKHVRIW]RQH,QWKHEDVHPDWHULDOKDUGQHVVLVW\SLFDO+9

D:HOGFHQWUHOLQHVFDOHP E)XVLRQOLQHDWWKHZHOGWRSVFDOHP F)XVLRQOLQHVFDOHP
)LJ0LFURVWUXFWXUHDWWKHZHOGFHQWUHOLQHDQGDWWKHIXVLRQOLQHRI

D:HOGFHQWUHOLQHVFDOHP E+HDWDIIHFWHG]RQHLQVFDOHP F)XVLRQOLQHWRVFDOHP
)LJ6WUXFWXUHRIWKHZHOG]RQHLQWKHFRPELQDWLRQZLWK
7KHKDUGQHVVYDOXHVDQGWKHLUGLVWULEXWLRQLVUHIOHFWHGLQWKHUHVXOWVRIWKHWHQVLOHWHVWV7KH\VKRZODUJHVFDWWHULQJ
ZLWK UHVSHFW WR WKH HORQJDWLRQ DW IUDFWXUH ILJXUH  ,Q WKH VLPLODU FRPELQDWLRQ  IUDFWXUH DQG IXOO
HORQJDWLRQRFFXULQWKHZHOGZKLFKLVWKHZHDNHVW]RQHDVVKRZQE\WKHKDUGQHVVPHDVXUHPHQW7KHJUDSKLQILJXUH
DVKRZDFKDUDFWHULVWLFFXUYHIRUKLJKPDQJDQHVHVWHHOV<LHOGLQJVWDUWVDWDSSUR[LPDWHO\N1DQGIUDFWXUHRFFXUV
DWIRUFHVDERYHN15HFDOFXODWHG\LHOGVWUHQJWKDPRXQWVWR03D+HQFHWKHZHOGVKRZVWKHVWUHQJWKRIWKH
QRUPDOL]HG PDWHULDO ,Q WKH FDVH RI WKH UHG FXUYH WKH FUDFN LQLWLDWHG DW WKH ZHOG FHQWUH OLQH RQ WKH HGJH RI WKH
VSHFLPHQ$W WKHRWKHU VSHFLPHQV IUDFWXUHZDV LQLWLDWHG DW WKH IXVLRQ OLQH DQGSURSDJDWHGGLDJRQDOO\ WKURXJK WKH
ZHOGWRWKHRSSRVLWHIXVLRQOLQH
)UDFWXUHLQWKHGLVVLPLODUZHOGRIDQGRULJLQDWHVDWWKHIXVLRQOLQHRIWKHDXVWHQLWLFVWDLQOHVVVWHHO
EXWGHYLDWHVVRRQLQWRWKHEDVHPDWHULDOIRUPLQJDGXFWLOHFUDFN$OOSODVWLFGHIRUPDWLRQLVIRXQGKHUHZKLFKVKRZVD
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IUDFWXUHVWUDLQRIWRDQGDQHFNLQJRIWRLQWKHEDVHPDWHULDO7KHUHGFXUYHLVQRWUHSUHVHQWDWLYHIRU
WKHSHDNYDOXHVEHFDXVHWKHVSHFLPHQH[SHULHQFHGVRPHVOLSLQWKHZHGJHGFODPSVEXWVKRZVWKHVDPHVORSHXQWLO
IDLOXUH<LHOGLQJVWDUWVDWN1 IUDFWXUHRFFXUVDWDERYHN15HFDOFXODWHG WHQVLOHVWUHQJWK LVPLQLPXP
03D\LHOGVWUHQJWKDPRXQWVWR03D7KHVWUHQJWKRIWKLVZHOGLVGHILQHGE\WKHZHDNHUPDWHULDO

D E F
)LJ+DUGQHVVSORWVRIWKHMRLQWVWDNHQPPIURPWKHWRSDQGERWWRPVXUIDFHUHVSHFWLYHO\
D E F
)LJ)RUFHHORQJDWLRQFXUYHVRIFRPELQDWLRQVZHOGHGREWDLQHGE\WUDQVYHUVHWHQVLOHWHVWV1XPEHUV;<UHIHUWRFRPELQDWLRQ;DQG
LQGLYLGXDOPHPEHUVRIWKHVDPSOH<
6PDOOHVWHORQJDWLRQRQIUDFWXUHZDVGHWHFWHGIRUWKHFRPELQDWLRQ)UDFWXUHRFFXUUHGDWDIRUFHRI
WRN17KHWHQVLOHFXUYHVLQGLFDWHDEULWWOHIUDFWXUH)URPDPDFURVFRSLFDVVHVVPHQWIUDFWXUHVWDUWVDWWKHZHOG
FHQWUHOLQHDQGSURSDJDWHVLQWRWKHEDVHPDWHULDORI+DUGQHVVPHDVXUHPHQWVKDYHLQGLFDWHGDORZHUVWUHQJWK
RI WKH IXVHGPDWHULDO OHDGLQJ WR \LHOGLQJ RI WKHZHOG ILUVW'HIRUPDWLRQ LV EORFNHG E\ WKH VWURQJPDWHULDO RI WKH
DQG WKHPDUWHQVLWLF OD\HURQ WKH VLGHRI WKHPDUWHQVLWLFPDWHULDO7KH UHDVRQV IRUFUDFNGHYLDWLRQ LQWR WKDW
PDWHULDOLVQRW\HWXQGHUVWRRG0LFURFUDFNVFDQEHDUHDVRQEXWXSWRQRZWKHUHLVQRLQGLFDWLRQRIWKHLURFFXUUHQFH
'LVFXVVLRQ
)LJXUHVKRZVDUHGUDZQ6FKDHIIOHUGLDJUDPFRQVLGHULQJWKHSKDVHWUDQVIRUPDWLRQVREVHUYHGLQKLJKPDQJDQHVH
VWHHOV DV GHYHORSHG E\ .OXHK 0DVLDV] DQG /HH  7KH RULJLQDO 6FKDHIIOHU GLDJUDP GDVKHG OLQHV DUH
VXSHULPSRVHGRQWKHPRGLILHGVROLG OLQHVGLDJUDP7KHSRLQWIRU WKHGLIIHUHQWDOOR\VDUHV\PEROLVHGDVFRORXUHG
GRWV,QWKHRULJLQDOGLDJUDPWKHJUDGHLVIRXQGLQWKHIXOO\DXVWHQLWLFUHJLRQZKHUHDVLQWKHPRGLILHGGLDJUDP
LWVKRXOGFRQWDLQVRPHSHUFHQWRIGIHUULWH)RUWKHRWKHUWZRJUDGHVWKHRULJLQDOGLDJUDPKDVWREHFRQVLGHUHG7KH
LQGLFDWLRQRILVORFDWHGLQWKHDXVWHQLWLFPDUWHQVLWLFDUHDZLWKVRPHPDUWHQVLWHLQWKHDVUROOHGDQG
LQWKHSUHVVKDUGHQHGFRQGLWLRQ7KHPHWDVWDEOHDXVWHQLWLFJUDGHLVIRXQGLQWKHDXVWHQLWLFIHUULWLFUHJLRQZLWKOHVV
WKDQIHUULWH$FFRUGLQJWRWKHFRUUHFWLRQE\/HHHWDOWKHLQGLFDWLRQLIWKHDOOR\EHFRPHVVLWXDWHGLQWKH
DXVWHQLWHUHJLRQ
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)LJ6WDQGDUGDQGPRGLILHG6FKDHIIOHUFXUYHZLWKDQLQGLFDWLRQRIWKHDOOR\VXQGHULQYHVWLJDWLRQ
$V WKHFRPSRVLWLRQRI WKH IXVHGPDWHULDO LV FRQVLGHUHG WREHGHILQHGE\PL[LQJRIERWKSDUWQHUPDWHULDOV LW LV
H[SHFWHG WKHLU LQGLFDWLRQ OLHVRQ WKHFRQQHFWLQJ OLQHV7DEOH OLVWV WKH UHVXOWV IURP ORFDO('6PHDVXUHPHQWV WKH
ILJXUHVDUHV\PEROLVHGE\WULDQJOHVLQWKH6FKDHIIOHUGLDJUDPLQILJXUH7KHUHLVGHSHQGLQJRQWKHORFDOPL[LQJ
VLWXDWLRQ DZLGHYDULDWLRQRI DOOR\LQJ HOHPHQWV5HFDOFXODWLRQ IURP WKH('6PHDVXUHPHQWV XVLQJ WKH QLFNHO DQG
FKURPLXPHTXLYDOHQWV VKRZDSSUR[LPDWHO\ WKH VDPH WUHQG ,Q WKH VLPLODU MRLQWV WKH DFWXDO FRPSRVLWLRQ VKLIWV WKH
SKDVH GLVWULEXWLRQ WRZDUGV WKH IHUULWLF DQGPDUWHQVLWLF UHJLRQ JUH\ WULDQJOHV XSVLGH GRZQ )RU WKH JUDGH 
ZHOGVZLWK WKHSDUWQHUXSULJKWJUH\ WULDQJOHV WKHVWUXFWXUHSUHGLFWHGFDQFRQWDLQXS WR IHUULWHDQG
DOVR WUDFHV RIPDUWHQVLWH 7KH GHFUHDVH LQ QLFNHO HTXLYDOHQW FDQ EH FDXVHG E\ WKH ORVV RIPDQJDQHVHZKLFK FDQ
DPRXQWWRXSWR'DKPHQ'DDPHQ+LUWRUE\GLOXWLRQ1LFNHOVXSUHVVHVWKHIRUPDWLRQRIPDUWHQVLWHEXW
PD\RFFDVLRQDOO\ OHDG WR WKHVHJUHWDWLRQRIFDUELGHV ,Q WKHZHOG WRZKLWH WULDQJOHV WZRPHDVXULQJDUHDV
VKRZDVLPLODUFRPSRVLWLRQDV WKHEDVHPDWHULDOEXW VKLIWHG WR WKHPDUWHQVLWH UHJLRQ0L[LQJZLWK WKHPDQJDQHVH
VWHHOOHDGVLQRQHFDVHWRDVWUXFWXUHFRQWDLQLQJDXVWHQLWHDQGIHUULWH'XULQJPHWDOORJUDSKLFLQVSHFWLRQDXVWHQLWHZDV
WKHGRPLQDWLQJSKDVHLQFRQMXQFWLRQZLWKDOVRVWUHDNVZLWKPDUWHQVLWLFVWUXFWXUHRFFXUUHG
7DEOH5HVXOWVRIORFDO('6DQDO\VHVLQWKHIXVHG]RQH
3DUWQHU
0DWHULDO & 0Q 6L 6 3 &U 1L 1LHT &UHT 3KDVHV
          J0
          J0
          J
          JG
          J
          J
          J
          J
          J

7KH SRRU UHVXOWV RI WKH WHQVLOH WHVWV IRU WKH FRPELQDWLRQ  DUH  K\SRWKHWLFDOO\  FDXVHG E\ WKH
GLVFRQWLQXRXVVWUXFWXUHRI WKHKHDWDIIHFWHG]RQH7KHSUHVHQFHRIXQWHPSHUHGERG\FHQWUHG WHWUDJRQDOPDUWHQVLWH
LQWURGXFHVVWUHVVHVDQGPD\OHDGWRFROGFUDFNLQJ+HDWWUHDWPHQWRIWKHZHOGFDQHVSHFLDOO\LPSURYHWKHSURSHUWLHV
RIWKHPDUWHQVLWLFVWDLQOHVVVWHHO3UHKHDWLQJWRPDUWHQVLWHVWDUWWHPSHUDWXUHLQFRQMXQFWLRQZLWKWHPSHULQJDW&
ZDV EHQHILFLDO LQ RUGHU WR LPSURYH WKH IDWLJXH SURSHUWLHV 'DKPHQ HW DO E7KH UHDFWLRQRI WKH DXVWHQLWLF
KLJKPDQJDQHVH VWHHO DQG HVSHFLDOO\ LWV VWUHQJWK RQ VXFK D KHDW WUHDWPHQW LV FXUUHQWO\ QRW NQRZQ 0D]DQFRYi
5XåLDNDQG6FKLQGOHUKDYHSURYHQWKDWKLJKPDQJDQHVHVWHHO)H&0Q$O6LWROHUDWHVDKHDW
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